The aim of this fMRI study was to identify neuroanatomical substrates of immediate memory underlying phonological processing. To distinguish encoding of immediate memory from rehearsal, participants were required to match tones from the ¢rst and last positions of a three-syllable list to their following probes in an immediate-recognition paradigm. The ¢rst position task included intervening distractors between the target and probe. Increased activations were found in the left inferior frontal gyrus, right lateral cerebellum, and medial frontal gyrus for the target tone in ¢rst position.This network mediates articulatory encoding in immediate-response, and articulatory rehearsal in delayed-response paradigms.These ¢ndings support a working memory model in which rehearsal is optional, while encoding is an obligatory component of the phonological loop. NeuroReport 15:2459^2462
INTRODUCTION
A prevailing view of the neuroanatomical substrates of verbal working memory (VWM) and language processing links the left inferior parietal lobe (IPL) with phonological storage, Broca's area and right lateral cerebellum with rehearsal, and the prefrontal cortex with different executive processes [1, 2] . The relationship between VWM and language processing, however, remains debatable [2] , especially the role of parietal cortex in phonological storage and the role of Broca's area in rehearsal.
Using delayed-response paradigms to enhance rehearsal is a key design feature in functional neuroimaging studies of VWM. In contrast, behavioural VWM studies use immediate-response paradigms to detect short-term effects without rehearsal [3] . Immediate memory is the initial short-term trace from encoding. Recent electrophysiological studies have demonstrated that immediate memory does exist, and is encoded within a few hundred milliseconds after the presence of target stimulus [4, 5] . Neuropsychological evidence shows that it is necessary to distinguish encoding and rehearsal in working memory systems [6] . Immediate memory performance has been shown to vary as a function of encoding during stimulus input [7] . Immediate memory has a very limited capacity of about three to four novel items [8] , lasts only a few seconds [9, 10] , and must be re-activated periodically, presumably through subvocal rehearsal, for extended processing [10] . Since delayed recall cannot increase memory span [11] , rehearsal during the delay interval can only re-activate immediate memory. Thus, delayed recall in VWM studies may involve a potential confound between language and memory processing beyond immediate memory.
VWM has been implicated in phonological processing of lexical tones [12] [13] [14] . Tonal processing typically engages a left-sided, frontoparietal cortical network that includes the middle frontal gyrus (MFG), inferior frontal gyrus (IFG), supplementary motor area (SMA), and superior parietal lobule (SPL). However, these aforementioned experiments were not specifically designed to isolate immediate memory.
The aim of this fMRI study was to identify neuroanatomical substrates of immediate memory that subserve subsyllabic processing of Mandarin tones (e.g., ma 1 'mother', ma 2 'hemp', ma 3 'horse', ma 4 'scold'). To distinguish the encoding of immediate memory from rehearsal, we employ an immediate recognition paradigm in which a lexical tone of a syllable in a list is matched to the tone of a following probe. The short, filled interval between target and probe falls within the time limit for a span length. Subjects must therefore execute the tone matching task rapidly without rehearsal before the immediate memory fades out. This paradigm effectively minimizes articulatory rehearsal. The presence of intervening distractors maximizes articulatory encoding of immediate memory.
Specifically, we compare two experimental conditions distinguished by the presence or absence of distractors. In one condition, two distractor syllables intervene between the target syllable and its probe; in the other condition, there are no intervening distractors. The distractors act as a suffix to the targets and eliminate their auditory sensory memory [10] , as well as divide the listeners' attention. To reduce these interference effects, listeners are likely to enhance their encoding of auditory input by covert articulation in order to increase their memory performance [10] . In the no-distractor condition, auditory traces of the targets immediately preceding the probes remain intact, requiring less articulatory encoding. Such an immediate recognition paradigm should elicit differential strengths of memory encoding by comparing trials with and without distractors intervening between targets and their probes. We hypothesize that even in the absence of rehearsal, the same network that subserves encoding, retrieval, and storage in VWM should similarly be recruited for immediate memory processing.
MATERIALS AND METHODS
Subjects: Twelve adult native speakers of Mandarin Chinese (six male; six female) from mainland China, ranging in age from 23 to 32 years, participated in this study. All subjects were strongly right-handed (Z78%) as measured by the Edinburgh Handedness Inventory [15] and exhibited normal hearing sensitivity at 0.5, 1, 2, and 4 kHz. All subjects gave informed consent in compliance with a protocol approved by the Institutional Review Board of Indiana University Purdue University Indianapolis and Clarian Health Partners.
Stimuli: A list of three Chinese monosyllables followed by a monosyllabic probe made up a sequence for each trial. All stimuli were produced by a native Chinese male speaker from Beijing. In matching sequences for tone in the first syllable and its probe (FP; F¼first, P¼probe), only the first syllable in the syllable list shared a tone in common with its probe (Table 1 ). In matching sequences for tone in the last syllable and its probe (LP; L¼last, P¼probe), only the last syllable in the syllable list shared a tone in common with its probe. No other phonetic units in any of the syllables matched those in the probe. In non-matching sequences for either LP or FP, no phonetic units (i.e., onset, rhyme, tone) matched those in the probe. Matching and non-matching sequences were equal in number. No syllable was used more than once for a task. The FP and LP tasks shared the same stimuli except for the target positions (Table 1) . Thirtytwo sequences of a syllable list and probe were constructed for FP and LP, respectively.
Tasks:
The scanning run consisted of two tasks (FP, LP) presented in blocked format (36 s) in an alternating boxcar design with 18 s rest intervals separating the task blocks. The order of presentation of FP and LP blocks was counterbalanced across subjects. Half of the subjects started with FP, the other half with LP. Total duration of the run was 7.5 min. There were four blocks per task. Each block contained eight 4.5 s trials, four matching and four non-matching, in random order. The timing architecture of a trial consisted of the syllable list and probe (2300 ms) and the response interval (2200 ms). Stimulus onset asynchrony within the syllable list was 500 ms. A silent interval of 350 ms was inserted between the syllable list and its probe. Each sequence of four syllables (list + probe) fell within the span for immediate memory and attention [8, 16] . Instructions were delivered to subjects via headphones near the end of the rest intervals immediately preceding each task (in Chinese): ''first tone'' for FP and ''last tone'' for LP. For FP, subjects were asked to ignore the two intervening distractors in the syllable list and make a matching judgment on the tone in the first syllable in comparison to the probe. For LP, subjects were asked to ignore the first and second syllables in the syllable list and make a matching judgment on the tone in the last syllable in comparison to the probe. They responded by pressing a mouse button (left¼yes, right¼no). Prior to the actual scanning session, subjects were trained to a high level of accuracy (Z90%) on both tasks using stimuli different from those used during image acquisition.
Image acquisition: Scanning was performed on a 1.5 T Signa GE LX Horizon scanner (Waukesha, WI) equipped with birdcage transmit-receive radiofrequency head coils. One 200-volume echo-planar imaging (EPI) series was begun with a rest interval consisting of eight baseline volumes (18 s), followed by 184 volumes during which the two comparison tasks (36 s) alternated with 18 s rest intervals, and ended with a rest interval of 8 baseline volumes (18 s). Functional data were acquired using a gradient-echo EPI pulse sequence with the following parameters: repetition time (TR) 2.25 s; echo time (TE) 50 ms; matrix 64 Â 64; flip angle (FA) 901; field of view (FOV) 24 Â 24 cm. Sixteen 7.5 mm contiguous axial slices were used to image the entire cerebrum and superior aspects of the cerebellum. Prior to functional imaging runs, high-resolution, anatomic images were acquired in 124 contiguous axial slices using a 3D Spoiled-Grass (3D SPGR) sequence (slice thickness 1.2-1.3 mm; TR 35 ms; TE 8 ms; 1 excitation; FA 301; matrix 256 Â 128; FOV 24 Â 24 cm) for purposes of anatomical localization and co-registration to a standard stereotactic system [17] . Subjects were scanned with eyes closed and room lights dimmed. The effects of head motion were minimized by using a head-neck pad and dental bite bar.
Image analysis: Image analysis was conducted using the AFNI software package. For each subject, all image volumes in a functional imaging run were motion-corrected to the fourth acquired volume. The time series of each voxel was detrended using a second order polynomial fit to account for temporal variation in the signal baseline, and then normalized to its mean intensity. The hemodynamic response functions for FP and LP tasks were separately deconvolved from the baseline (rest) for each voxel in the imaging volume. Magnitude of the response for each condition, corresponding to the area under the hemodynamic response curve, was evaluated by a general linear model approach. This analysis yielded differential responses illustrated by Student's t-statistic maps (FP vs baseline, LP vs baseline). These activation datasets, and the anatomic datasets for the corresponding subjects, were then interpolated to isotropic 1 mm 3 voxel volumes and transformed to a stereotaxic coordinate system [22] . Student's t-statistic values in each 1 mm 3 voxel were spatially smoothed by a 5.2 mm full-width half-maximum (FWHM) Gaussian filter chosen to reflect functional image resolution and minimize effects of the intersubject anatomic variability. The t-values of each voxel on the resulting statistical maps were converted to z-scores via the corresponding p value, and averaged over all 12 subjects. These average voxel-byvoxel activation (FP vs LP, FP vs baseline, LP vs baseline) maps were generated solely to illustrate the results of ROIbased (region of interest) ANOVAs.
ROI analysis: ROIs were defined anatomically in each hemisphere of individual subjects for regions implicated in verbal working memory [1, 2, 18] . The borders of each anatomic ROI were defined by key sulcal landmarks used in parcellation schemes to delimit cortical gyri or cerebellar lobules [19] [20] [21] [22] . Each ROI volume was obtained by manually tracing slice-by-slice either in the sagittal or axial (cerebellum) plane.
The IFG ROI captured the pars opercularis (BA 44) and a small part of the pars triangularis (BA 45) using as borders the inferior frontal sulcus (IFS), inferior precentral sulcus (PrCS), Sylvian fissure, and an anterior margin 20 mm from the PrCS/IFS junction. The MFG ROI captured mainly BA 9 using as borders the IFS, inferior PrCS, and an anterior margin 20 mm from the PrCS/IFS junction. The SPL ROI captured BA 5/7 using as borders the postcentral sulcus (PoCS), fundus of the PoCS, and a posterior margin 20 mm from the PoCS/IPS junction. The pre-SMA ROI captured part of the medial frontal gyrus (BA 6) using as borders the cingulate sulcus, and anterior and posterior margins at y¼0 and 20 mm, respectively. The CBL ROI captured mainly the lateral cerebellum (simple lobule) using as borders the superior posterior sulcus and a medial margin at x¼20 mm.
For each ROI, mean z-scores were calculated for each combination of task (FP, LP) and hemisphere (LH, RH) for every subject. These z-scores were analyzed using planned contrasts between the two tasks on each hemisphere and between the two hemispheres on each task.
RESULTS
Behavioral data: Mean (7s.d.) response accuracy was not significantly different between the FP (9874.1%) and LP (98.372.4%) tasks (t(22)¼À0.37, n.s.). Neither was mean response time FP (5027163 ms); LP (5357192 ms; t(22)¼À0.46, n.s.).
ROI data: The FP task elicited greater activation than the LP in the left IFG (F(1,10) ¼5.02, po0.0489), right lateral CBL (F¼5.58, po0.0398) and bilateral and medial pre-SMA (LH, F¼18.56, po0.0015; RH, F¼17.43, po0.0019; Fig. 1 
DISCUSSION
This study reveals a neural network that subserves articulatory encoding of auditory input for verbal immediate memory in the absence of rehearsal via an immediate-recognition paradigm. Increased activations were found in the left IFG, right lateral CBL, and medial pre-SMA for task FP relative to LP. The co-activation of the left IFG and right CBL has been implicated in rehearsal for VWM studies [1, 2] . Their coactivation in the present study, however, reflects the articulatory encoding of auditory input induced by the major difference between tasks FP and LP. In task FP, distractors intervene between the target and probe. They act as a suffix to the target and eliminate the echoic memory of auditory stimuli [10] . To increase their memory performance, listeners likely encode the auditory input subvocally [10] . In task LP, on the other hand, the target is immediately followed by the probe. The auditory information is intact for encoding, and therefore requires less articulatory processing.
Pre-SMA has been associated with internal guidance [14] , working memory delays [23] , and voluntary selection of actions [24, 25] , as part of a frontoparietal network [25] . The FP task requires more procedural guidance than LP to handle the intervening distractors. In the LP task, subjects listen to the last two syllables and make tone matching judgments. The LP task therefore requires less internal guidance. It appears that activation of the pre-SMA is due to task control demands instead of articulatory encoding itself. We conclude that the left IFG and right lateral CBL is a fronto-cerebellar network for articulatory encoding that is independent of rehearsal.
The identification of a fronto-cerebellar network for articulatory encoding that is isolated from rehearsal is of theoretical significance. In earlier models of working memory [10] , rehearsal plays a prominent role in the phonological loop. Its role in VWM has been challenged recently to account for findings in behavioral and neuropsychological studies [3] . By the revised model, rehearsal becomes optional, whereas encoding from stimuli to memory is specified as a crucial component of the phonological loop [1] . Consistent with this revised model, our findings reveal neuroanatomical substrates for articulatory encoding of auditory input in the absence of rehearsal.
This fronto-cerebellar network underlies both encoding and rehearsal in VWM. In this study, encoding of verbal immediate memory in the FP task involves subvocal articulation. It is no coincidence that the same frontocerebellar network has been implicated in rehearsal for VWM delayed-recall tasks [1, 2] . Rehearsal during a delayed recall task reactivates immediate memory. The net effect is that the cycles of rehearsal work in a way similar to periodic encoding mediated by articulation. In each cycle of rehearsal, stored phonological codes are necessarily retrieved by overt or covert articulation. This view is in agreement with neuropsychological and brain imaging data, which show that the left IFG is also crucially involved in delayed-response VWM tasks (see [2] for review).
We infer that MFG and SPL activity reflects attentional modulation of lexical tone processing. Because of the absence of a task effect, their increased activity relative to baseline is likely due to tone extraction and tone matching. The attentional demands associated with these processes are common to both the FP and LP tasks. This interpretation is compatible with previous findings which reveal increased activity in these same regions that was elicited by a task identical to LP [14] .
CONCLUSIONS
This fMRI study demonstrates that tonal recognition in an immediate-response paradigm with intervening distractors recruits a fronto-cerebellar network for articulatory encoding. This network enhances articulatory encoding in immediate memory. This same network appears to mediate rehearsal in delayed-response paradigms. These findings converge to support a revised working memory model in which rehearsal is optional, while encoding is an obligatory component of the phonological loop.
